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Hyper-X Flight Engine Ground Testing for Flight Risk Reduction
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Airframe-integrated scramjet engine testing has been completed at Mach 7 flight conditions in the NASA Langley
8-Foot High Temperature Tunnel as part of the NASA Hyper-X program. This test provided engine performance
and operability data, as well as design and database verification, for the Mach 7 flight tests of the Hyper-X research
vehicle, which will provide the first-ever airframe-integrated scramjet data in flight. The Hyper-X Flight Engine,
a duplicate Mach 7 scramjet engine for flight, was mounted on an airframe structure that replicated the entire
three-dimensional propulsion flowpath from the vehicle leading edge to the vehicle trailing edge. This model was
also tested to verify and validate the complete flightlike engine system. The subsystems that were subjected to
flightlike conditions are described, and supporting data are presented. The results from this test help to reduce

risk for the Mach 7 flights of the Hyper-X research vehicle.

Nomenclature

Cp = drag coefficient

Cp = lift coefficient

Cy = pitching moment coefficient

H = enthalpy, Btu/lbm

M = Mach number

p = pressure, psia

0 = heat flux, Btu/ft’s

q = dynamic pressure

T = temperature, °R

X spindle = streamwise location with origin at the rotation
point of the horizontal wing

o = angle of attack, deg

B = angle of sideslip, deg

AC,owi = pressure coefficient increment due to cowl
opening; see Eq. (1)

AC, e = pressure coefficient increment due to fueling;
see Eq. (2)

¢ = fuel equivalence ratio

Subscripts

comb = facility combustor condition

isolator = condition downstream of the internal inlet
and upstream of the combustor

t = total condition

00 = freestream condition
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Introduction

ASA’S Hyper-X program will advance technologies for ve-

hicles utilizing hypersonic airbreathing propulsion from the
laboratory to the flight environment by obtaining data on a
hydrogen-fueled, airframe-integrated, dual-mode supersonic com-
bustion ramjet (scramjet) propulsion system in flight.! The scram-
jet flight vehicle is designated X-43. These data will provide the
first flight validation of analytical and computational techniques and
wind-tunnel test techniques used to design and analyze this class of
vehicle.?

A series of five wind-tunnel tests were performed as part of Mach
7 propulsion flowpath verification involving three different scram-
jet engine models in three different facilities. These facilities and
engines allowed an integrated test program to be conducted to iso-
late and measure the effects on engine operability and performance
caused by such details as geometric scale, dynamic-pressure, and
test-gas differences. These differences exist due to test-technique
and facility variations, and the effects of these differences must be
accounted for in design and analysis methods when using wind-
tunnel results as an integral part of the engine and vehicle design.
The development of the Mach 7 X-43 engine flowpath and its inte-
gration with an airframe are described in greater detail in Ref. 3.

Two of the aforementioned Mach 7 flowpath development tests
were performed in the NASA Langley Research Center 8-Foot High
Temperature Tunnel (8-ft HTT) as part of an overall effort to under-
stand the major differences between the preliminary flowpath devel-
opment databases and the X-43 flight database.* The second of these
tests provided the first ever wind-tunnel test of a full-scale, airframe-
integrated, scramjet-engine flowpath at simulated flight conditions.
The engine, known as the Hyper-X Flight Engine (HXFE), is the
only full-width Mach 7 Hyper-X scramjet engine tested before the
X-43 flights. The vehicle flowpath simulator (VFS) was an airframe
structure to which the HXFE was mounted. The VFS represented
a geometrically accurate tip-to-tail X-43 propulsion flowpath, in-
cluding forebody compression surfaces and aftbody expansion that
replicates the entire undersurface of the X-43.

The main objectives of the HXFE/VFS test were 1) to validate the
Mach 7 propulsion database, compare the results to other ground
tests, and correlate the data with the X-43 flight data and 2) to pro-
vide important component and systems verification and validation
before flight. Not only were engine operability and performance data
acquired during testing, but unique data were acquired to provide
realistic estimates of the aeropropulsive vehicle force and moment
increments due to both opening the full-width cowl door (before
engine ignition) and the effects of combustion itself.

This paper focuses on the second of these two objectives. Follow-
ing a brief discussion of the facility and the model, the components



HUEBNER ET AL. 845

Table 1 Simulated freestream conditions for 8-ft HTT
HXFE/VEFS testing and comparison to flight

Simulation Tunnel, Tunnel, Target Tunnel,
case low goo  flight goo  flight point  high go
Pcombs PSIg 1000 1585 Air 2000
Teombs °R 3250 3350 3350
My 6.84 6.92 7.00 6.87
Poo» PSia 0.140 0.211 0.204 0.263
Goo» PST 647 1000 1000 1230
T, °R 434 423 408 434
H;, Btu/lbm 1064 1052 1052 1064
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Fig. 1 Schematic of 8-ft HTT for airbreathing propulsion testing.

and subsystems that were verified and validated will be presented.
Exercising and demonstrating these components and subsystems in
a flightlike environment inherently reduces risk associated with the
first flight. Following this, some relevant vehicle data that support
both of the Mach 7 flights will be presented.

8-FT HTT

The 8-ft HTT® has been used to conduct aerothermal loads,
aerothermo-structures, high-enthalpy aerodynamics, and airbreath-
ing propulsion research. A schematic representation of the 8-ft HTT
configured for airbreathing engine testing is shown in Fig. 1. The
facility, capable of testing large hypersonic airbreathing propulsion
systems at flight enthalpies from Mach 4 to 7, employs a force
measurement system (FMS) to acquire longitudinal aeropropulsive
loads (axial force, normal force, and pitching moment) of the test
articles. The FMS is attached to the facility model elevator carriage,
which inserts the model assembly into the test section once the
proper flow conditions are established and retracts the model at run
completion. This insertion capability allows for the testing of larger
models by reducing blockage, improving tunnel starting, reducing
transient loads on the model, and increasing safety.

Testing of the HXFE/VFS was performed for three dynamic pres-
sures at, below, and above the nominal Mach 7 X-43 flight condition.
The nominal tunnel combustor conditions and resulting simulated
air freestream flow parameters are presented in Table 1. The simu-
lated Mach number, static pressure, and flight simulation conditions
are within 4% of those expected for the nominal Mach 7 X-43 flight
condition. Reference 4 contains more information about these test
conditions.

HXFE/VFS Model Description

The HXFE/VEFS installation in the 8-ft HTT is shown in Fig. 2.
The HXFE/VFS flowpath is inverted from the flight orientation to
facilitate fluid and instrumentation interfaces and to mitigate strut in-
terference on the propulsion flowpath caused by mounting the model
to the facility. The model simulates the complete X-43 propulsion
flowpath, including vehicle geometry that affects the flow enter-
ing the engine inlet or interacting with the nozzle exhaust plume.
The pedestal houses the fuel control system and model instrumen-
tation and provides access for internal cavity purging/cooling of
the airframe structures and water cooling of engine leading edges.
Angle-of-attack (AOA) spacers provided the ability to change model
attitude between runs; the nominal AOA for the first flight is 2 deg.
Most of the runs were at this orientation, but the model was also
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Fig. 2 HXFE/VEFS installation in the 8-ft HTT.
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tested at 0- and 4-deg AOA to further examine the design space
for which the X-43 preflight performance database was generated.
Special support brackets provided the ability to vary sideslip angle
at the model-to-pedestal interface between 0 and 3 deg. Configura-
tional details of the HXFE/VFS model are shown in Fig. 3. Many of
these details are included as part of the verification and validation
for flight and will be discussed in subsequent sections.

The HXFE (Fig. 4) is a flight-spare, Mach 7 Hyper-X scramjet
engine that is dedicated to ground testing. Physical attachment of
the HXFE to the VFS is identical to attachment of the engine in the
X-43 via the six mounting lugs shown. A detailed description of the
HXFE/VFES model, instrumentation, and interfaces with the facility
are found in Ref. 4.

Test Summary

There were 14 unfueled runs made with the HXFE/VFS. Six of
these runs were used to characterize the inlet flowfield plane via
pitot pressure and total temperature rake survey data for the three
AOA at the target flight dynamic pressure, two dynamic pressures
at the target flight AOA, and the three boundary-layer trip options
(discussed in the next section) at the target flight dynamic pressure
and AOA. The remaining eight unfueled runs addressed cowl-door
actuation and quantification of force and moment increments for the
cowl-opening event.

There were 40 fueled runs performed, primarily to examine en-
gine performance and operability. In addition to preprogrammed
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fueling-sequence runs, engine control-law development runs in-
corporating closed-loop feedback were performed, in which the
fuel delivery schedule was adjusted based on real-time sensing of
engine pressure data. The issues addressed during these runs in-
cluded thermal effects on the boundary layer entering the engine,
dynamic-pressure effects, AOA effects, data repeatability, effects of
boundary-layer trips, and sideslip effects.

Subsystem Verification and Validation

The following subsections provide a description of subsystems
incorporated in the HXFE/VFS model that are identical or nearly
identical to the corresponding X-43 subsystems.

Boundary-Layer Trips

The first forebody compression surface on the VFS (and X-43)
contains a slot to accommodate a set of boundary-layer trip devices
(see Fig. 3). These trips are used in-flight to ensure that a fully turbu-
lent flow enters the engine inlet to improve inlet operability margin.b
Three different configurations were tested: no trips, the preliminary
Mach 7 trips, and the final Mach 7 flight trips. The difference be-
tween the two trip designs (Fig. 5) is that the trailing edges of the
flight trips are truncated. Although the trips are not necessarily re-
quired for testing in the 8-ft HTT (the freestream turbulence level of
the facility flow is much higher than in the atmosphere), they were
incorporated and their effects were addressed for a more complete
representation of the flight vehicle. Results on the use of these trips
(Fig. 6) show pitot pressure surveys at the centerline of the model
just upstream of the cowl leading edge at the target flight condition.
No significant difference in the pitot profiles is observed between
the two types of boundary-layer trip designs. Furthermore, there is
only a small increase in pitot pressure with no trips installed, in-
dicating a small decrease in boundary-layer height. However, the
boundary layer was turbulent for all runs, as already mentioned.

Fig. 5 Comparison of forebody boundary-layer trips.
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and o =2 deg.

Fig. 7 HXFE/VFS during run showing water jets and AETB-12 TPS
tiles (view looking aft from above).

Alumina-Enhanced Thermal Barrier Thermal Protection System Tiles

For the first ten runs of the HXFE/VES test, two panels of alumina-
enhanced thermal barrier (AETB-12) thermal protection system
(TPS) tiles comprised the second and third forebody ramps (see
Fig. 3). This is the same material that covers a majority of the X-43
airframe. A photograph of the AETB-12 TPS tile during testing is
shown in Fig. 7. The following results were realized during these
runs: 1) The AETB-12 tiles withstood multiple exposures to the
flightlike, high aerothermal loads with no degradation. 2) Pretest
flightlike tile repairs were successfully performed and the repaired
tiles also withstood flightlike aerothermal loads. 3) Flightlike instal-
lation of and data acquisition from pressure taps and thermocouples
in the AETB-12 tiles were verified.

Engine Integrity

The HXFE, including body surface, sidewall, cowl, and fuel injec-
tors was fabricated from Glidcop , a copper alloy that is dispersion
strengthened with ultrafine aluminum oxide particles. This yields a
metal that possesses high strength at elevated temperatures and re-
tains high thermal conductivity. Some internal surfaces were coated
with a layer of zirconia TPS to provide a thermal barrier for the
Glidcop in high-heating areas. Following the 14 unfueled runs and
40 fueled runs, the structural integrity of the engine and the condi-
tion of the internal surfaces were nearly the same as before testing.
The only difference was that a layer of silicon dioxide (a byprod-
uct of using silane for ignition) was usually deposited in the engine
that required manual removal between runs. Even though this en-
gine was expected to be tested only once (in flight), it handled the
rigorous ground-test series without any problems.

The engine contained both static and dynamic seals to control the
flow between parts. The static seals consisted of ceramic braided
rope and were designed to have leak rates of less than 0.20 standard
ft*/min for each inch of seal material. The dynamic seals wiping be-
tween the engine cowl door and sidewall were made of é-in. square
braided ceramic carbon-fiber rope with a splitinconel tube that acted
as a linear spring to keep the seal material in place. This design func-
tioned well for two unfueled and five fueled runs; however, the first
time the engine unstarted during a run at flight dynamic pressure,
the seal material on the port side was dislodged. (Subsequently, a
nonflight repair of both the port and starboard seals was performed
to allow testing to continue.) The implications for flight risk are
minimal because the engine will only see one thermal cycle dur-
ing flight, and, additionally, there is logic built into the propulsion
subsystem control (see next main section) to keep the engine from
unstarting due to overfueling.

Cowl and Sidewall Leading-Edge Water Cooling

The HXFE utilized sidewall- and cowl-leading-edge water-
cooling passages identical to those in the X-43 flight engines. Dur-
ing flight, this subsystem cools these regions of significant aerody-
namic heating both during ascent and scramjet operation. Excessive
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Fig. 8 HXFE cowl actuation system schematic.

heating could result in leading-edge deformation (altering the cap-
tured flowfield) or thermal expansion (causing the moving cowl door
to seize). Water is delivered to three open-loop cooling paths (see
Fig. 4) that route the coolant overboard through four small holes
on external surfaces to the flowpath at the pressure and mass flow
rate expected in flight. Figure 7 shows the top view of the water jets
exiting the HXFE during a tunnel run. No problems were encoun-
tered with the water-cooling subsystem during ground testing, and
flightlike levels of pressure and mass flow rate were realized, thus
verifying the design of this subsystem.

Cowl Actuation and Inlet Starting

For the X-43 flight tests, the engine will be closed during ascent
to protect internal engine components; therefore, a mechanical ac-
tuation system was designed to open the cowl door and establish
flow in, that is, start, the inlet. There was a minor concern of inlet
starting during the cowl opening sequence because of boundary-
layer effects, internal contraction ratio effects, and cowl-opening
speed. The mechanical nature of the actuation design was fully
replicated for HXFE/VFS testing. This design (Fig. 8) consists of
a linear electromechanical actuator motor and controller that ro-
tates a torque tube connected with cams to connecting links that
are attached through the engine sidewalls to the cowl door. During
initial testing of the final Mach 7 Hyper-X scramjet flowpath on
a partial-width engine before the HXFE/VES test, a similar cowl-
actuation system was employed. Two slider blocks that are flush
with the internal engine sidewalls moved with the connecting links
and allowed for their proper freedom of movement. These sliders
were made out of the same engine material to very small tolerances.
Thermal growth and the use of similar metal resulted in galling of
the sliders, which were then redesigned with increased clearances
and coated with a thin layer of chrome. HXFE/VFES testing veri-
fied the successful redesign of the sliders, which had the potential
of preventing the cowl door from opening during flight operation.
The cowl door was actuated 355 times under no aerodynamic load
(primarily during engine internal inspection and prerun preparation)
and 52 times under Mach 7 aerothermodynamic loads (during test-
ing). For all cases, the cowl successfully actuated. This test allowed
for the assessment of the actuation mechanism and understanding of
the specifications for the actuator settings (speed and torque levels)
required for flight.

The effects of cowl actuation rate on engine inlet starting and
flowfield establishment were investigated by actuating the cowl at
flight rate (less than 0.5 s from cowl door closed to open) and at one-
quarter flight rate. No problems were encountered with inlet starting
in either case, and no differences were seen in the established inlet
flow structure.

The last run performed during this test series addressed the is-
sue of cowl-door heating during its ascent on the booster to the
Mach 7, 95,000-ft altitude, test point. The objective of the run was
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to approximate the cumulative heat load during ascent and, among
other things, verify cowl-door actuation. Based on thermal analy-
sis, subjecting the engine to about 25 s of Mach 7 flow in the 8-ft
HTT at a dynamic pressure of 1230 psf approximates the total heat
load that the engine will encounter in flight from launch-vehicle
release to booster separation. The model was in the test flow for
26 s before the cowl door was commanded open. The cowl door
actuated to the full-open position in 0.41 s with nominal torque out-
puts from the cowl actuator controller and yielded proper inlet flow
establishment.

Wing-Gap Heating

The all-moving horizontal wings that provide pitch and roll con-
trol for the X-43 are attached to spindles that penetrate the vehi-
cle airframe and are positioned by electromechanical actuators. A
small gap exists between the wing root and the vertical face of the
airframe. Gap heating at hypersonic speeds has been addressed for
a variety of gap configurations, but no data are readily available
for longitudinal wing gaps like those on X-43. A set of wing stubs
(truncated at the midspan) were fabricated (see Fig. 3), and a set
of thermocouples were positioned on the airframe surface adjacent
to the wing root to acquire temperature time history data to study
the heating phenomenology for this type of gap. Three different gap
sizes were studied: no gap, flight gap, and twice flight gap; data were
also acquired with no wing stubs present as a baseline condition.

A comparison of the chordwise variation in the ratio of heating
rates along the wing chord with respect to the no-wing results is
shown in Fig. 9. The preliminary data indicate that heating for the
flight gap is less than 1.2 times the heating with no wing, except
for just upstream of the spindle, where the ratio increases to 1.3.
At twice the flight gap, the heating is generally the same for the
first half of the chord, yet increases in excess of two times the no-
wing heating values are seen upstream of the spindle. This verified
the thermal analysis applied to the X-43 structural design in this
area.

Propulsion Subsystem Control Development,
Verification, and Validation

To achieve the Hyper-X flight-test objective of accelerating the
X-43 under controlled autonomous free flight, closed-loop control
of the engine and engine systems is required. Propulsion subsys-
tem control (PSC) software and hardware were designed and tested
to provide engine-inlet cowl-door control and engine ignitor and
fuel flow-rate control. The HXFE/VES test in the 8-ft HTT pro-
vided several unique elements to the development, verification, and
validation of the PSC flight software and engine and fluid systems
hardware. The overall preflight effort consisted of multiple model-
ing, simulation, and test elements integrated to provide a compre-
hensive verification and validation of the complete system. Figure 10
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Fig. 10 Propulsion subsystem control development, verification, and
validation schematic.

illustrates the process used to ensure that each hardware and soft-
ware element was thoroughly tested. Although no single test cap-
tured the complete system and flight environment, overlapping tests
in the integrated verification and validation plan ensured compre-
hensive testing, including all interfaces.

The PSC development and simulation environment provided an
isolated computer simulation used to develop and perform unit test-
ing on the PSC control laws; however, during these tests, the control
laws were neither integrated with the complete flight software nor
resident on the flight computer. PSC flight software performance
was verified as part of the complete operational flight program (OFP)
during hardware-in-the-loop (HIL) testing. During HIL testing the
flight software was hosted on the flight management unit (FMU),
while all other vehicle systems and flight conditions were simulated
on the simulation bench. This approach allowed extensive testing of
the software over a wide spectrum of possible conditions and sce-
narios without putting unnecessary cycles on vehicle systems hard-
ware. Fluid systems performance verification tests provided com-
plete stand-alone flight fluid-systems hardware verification of the
integrated fluid systems; however, these tests were not run closed
loop with the PSC flight software hosted on the FMU. This was
accomplished during vehicle-in-the-loop testing in which the com-
plete OFP hosted on the FMU interfaced with the complete fluid
systems while a nominal flight scenario was simulated on the sim-
ulation bench. Hence, the entire system had been tested with the
exception of scramjet engine operation running in closed loop with
the propulsion control laws. The HXFE/VFES test provided this fi-
nal element with the HXFE operation in a wind-tunnel simulated
flight environment. In these tests, flight-type fluid and cowl actua-
tion systems controlled by a wind-tunnel specific version of the PSC
flight software hosted on a bench control system provided a closed-
loop system with scramjet operation. The following subsections
discuss the specific requirements and objectives for these tests in
detail.

Hardware and Software Requirements
Control System

A bench control system running the MATLAB  Simulink envi-
ronment used for flight software development was used to generate
a wind-tunnel specific version of the flight control laws in which the
control loops were identical to those imbedded in the flight software,
but the interfaces were modified for wind-tunnel application. A top-
level schematic representing these control loops and the required
sensed parameters is shown in Fig. 11. The ignitor and fuel schedule
is established based on the sensed flight condition and commanded
vehicle attitude and is then adjusted based on engine flowpath pres-
sure feedback and vehicle acceleration feedback. The ignitor and
fuel mass flow rates are then established through closed-loop mass
flow control as indicated in Fig. 11. All signal conditioning, sample
rates, and control-loop rates were matched to the flight systems.

Ignitor and Fuel System
To verify the inner loops controlling the ignitor and fuel mass flow
rates, the fluid system plumbing (including fittings, line lengths, and
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Fig. 11 Ignitor and fuel control block diagram and schematic drawing.
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Fig. 12 Flightlike ignitor and fuel system details (located in the
pedestal just below the model).

diameters), control valves, venturi flow meters, and sensors had to be
accurately simulated. To achieve this, flight-type valves with similar
mechanical and fluid dynamic characteristics were used. Figure 12
shows the pedestal internal cavity just below the model that con-
tains the closely coupled ignitor and fuel control valves, actuators,
and venturi flow meters, as well as the ignitor/fuel mixing manifold
that feeds the bodyside and cowlside fuel injectors via tubing of
flightlike length. Flight fuel delivery pressures and flightlike com-
ponents downstream of the control valves, including flight fuel in-
jectors, were utilized, and flight-identical instrumentation was used
throughout the fluid systems.

Flowpath Sensors

Multiple flowpath pressure transducers were used for feedback
as part of the PSC for engine-unstart prevention. The sensors and
their installation were identical to those in the X-43 as shown in the
photograph of the HXFE in Fig. 4.

Control Law Verification
Ignition and Transition to Hydrogen Fuel

X-43 packaging constraints resulted in a limited supply of both
ignitor (mixture of 20% molar silane in hydrogen) and hydrogen
fuel, which subsequently resulted in a limited duration test window
in which to design an ignitor and fuel sequence to meet the test
objectives. The ignitor and fuel flow-rate profiles required for ig-
nition, transition to hydrogen-only fueling, and to achieve vehicle
acceleration were developed and verified during these tests. This
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was achieved while meeting the additional requirements of acquir-
ing steady-state engine/vehicle data and preventing engine unstart
due to overfueling. The ability to perform these tests on the flight
hardware at simulated flight conditions provided significant risk
reduction to the flight test.

Engine-Unstart Prevention

The Hyper-X flight project was aided by concurrent engineering
in many key areas. Whereas the HXFE/VES test provided the first
scramjet data on the full-width, full-length engine/vehicle propul-
sion flowpath, the propulsion system hardware, instrumentation, and
control system software architecture were already in place. The fi-
nal flight control laws were developed and verified within this con-
text. One of the most important features of PSC, whose design was
finalized and subsequently verified as part of these tests, is to prevent
engine unstart during the flight experiment but still achieve vehicle
acceleration. The control logic used to achieve this is presented in
Fig. 13.

Once engineignition has been achieved and the engine and vehicle
have stabilized for acquisition of steady data, fuel flow is increased,
and this logic becomes active. If the engine flowpath pressures in-
dicate that combustor-isolator interaction is occurring, and simul-
taneously exceeding a preset lower limit (TripLevell), then the pre-
programmed fuel schedule is interrupted. The fuel flow is reduced
and held constant for 0.75 s, after which the PSC evaluates vehicle
acceleration based on inputs from the inertial navigation unit. If the
preset acceleration goal has been met, the fuel flow is held constant
until a controlled flow-rate ramp down is commanded as the fuel
is depleted; however, if the preset acceleration goal has not been
met, the level of combustor-isolator interaction is evaluated based
on a preset higher limit (TripLevel2). Additionally, if this limit is ex-
ceeded, the fuel flow is held constant until the controlled ramp down
isreached. If the acceleration goal has not been met and combustor—
isolator interaction is lower than the higher limit, then the fuel ramp
up is resumed. The intent of this logic sequence is to maximize the
probability of achieving the acceleration goal while concurrently
guarding against engine unstart. The two-level interaction criteria
balance the risk of inlet unstart against the importance of attaining
the acceleration goal. The control laws implementing this logic were
finalized and verified during these tests, and data were acquired for
the basis of setting the TripLevell and TripLevel2 constants used in
flight.

Vehicle Performance

Because of the integrated nature of scramjet-powered config-
urations, the basic aerodynamic characteristics of this vehicle
are strongly coupled with the propulsion system effects. Before
HXFE/VES testing, estimates of the longitudinal force and moment

—&— from aerodynamic data, cowl closed
--4-- Hyper-X methodology, cowl open, ¢=0.0
—--- Hyper-X methodology, fueled, ¢=1.2

O HXFE/NFS, cowl open, ¢=0.0

O HXFE/VFS, cowl open, fueled, ¢=1.2

> HXFENFS, =1 deg

4 HXFE/NFS, B=3 deg

Fig. 14 X-43 force and moment data vs « at flight Mach number and
dynamic pressure.

data were determined to develop the vehicle performance, stability,
and control characteristics for the X-43 flight control laws.” These
estimates were developed from a combination of aerodynamic wind-
tunnel testing of the closed-cowl configuration and the Hyper-X
methodology of using analytical and computational results to esti-
mate the cowl opening and powered effects.® The HXFE/VFS was
tested at the off-nominal AOA of 0 and 4 deg to complement the data
taken at the nominal flight AOA of 2 deg. This allowed better ex-
amination of the design space from which the preflight performance
database was generated.

Furthermore, excursions of 1 and 3 deg in sideslip angle were
addressed. The concern was that, at hypersonic speeds, even a minor
perturbation in sideslip angle from 0 might have an adverse effect
on vehicle performance. This is due to an expansion fan (created
on the windward sidewall leading edge) and a shock wave (created
on the leeward sidewall leading edge) both being processed by the
inlet.

Figure 14 presents a comparison of lift, drag, and pitching mo-
ment coefficients (with no horizontal tail deflection) for the cowl-
closed, cowl-open unfueled, and cowl-open fueled conditions. The
database estimates, shown by the solid symbols, were developed
by applying the computed cowl-opening and power-on increments
to the experimentally derived aerodynamic database for the cowl-
closed configuration. The increments included in Fig. 14 are the
differences in the force and moment values between the unfueled
cowl-closed and cowl-open conditions and between the unfueled
and fueled (at ¢ = 1.2) cowl-open conditions. The force and mo-
ment increments acquired from the 8-ft HT'T FMS are applied to
the same cowl-closed aerodynamic wind-tunnel data to create the
HXFE/VES data and are shown by the open symbols.

In general, there is very good agreement between the estimated
and measured increments. Where the comparisons differ the most
(Cp fueled at o =4 deg), the experimental results actually show
improved performance (less drag, that is, more thrust). These re-
sults are significant because they build confidence in the Hyper-X
preflight database methodology for this configuration at conditions
near the target scramjet test point, as well as demonstrate that there
is a significant effect of forebody and aftbody pressurization that
affects both the aeropropulsive loads and the pitching-moment val-
ues and, thus, the ability to trim the vehicle. Because associated
trim-drag penalties have a significant impact on net vehicle thrust,
the ability to estimate accurately (and measure) this component in
powered flowpath analysis and testing is important.

Also included in Fig. 14 are the results for the two nonzero sideslip
runs at¢ = 2 deg. Results indicate that there is little, if any, degrada-
tion in aeropropulsive performance at these conditions even though
the inlet possesses an asymmetric pressure field.

Propulsion-Airframe Integration

One of the more important, yet often neglected, issues that needs
to be addressed in a hypersonic airbreathing propulsion vehicle de-
sign effort is propulsion-airframe integration (PAI). For this class of



850 HUEBNER ET AL.

o0z o720

Unfueled, Cowl Closed

Unfueled, Cowl Open

ooz 1100

Fueled, ¢=1.2

@m0z 13 22

Fig. 15 Comparison of composite schlieren images for distinct scramjet test events; M« =6.92, g =1000 psf, and o =2 deg.

vehicle, PAI addresses the integration of a dual-mode scramjet to a
slender-body airframe capable of hypersonic speeds, as well as the
aeropropulsive interactions of the highly coupled internal and ex-
ternal flowfields. These interactions include inlet spillage, exhaust
pluming and the resulting impact on lifting and control surfaces,
and engine/airframe forces and moments.

The test of the HXFE/VES provided a unique opportunity to ad-
dress PAI because the test article comprises the key elements needed
to assess the interactions between the scramjet (HXFE) and a real-
istic airframe surface (VFS). The forces and moments issue was
discussed in the preceding section. Samples of the external flow-
field and exhaust pluming results follow.

Schlieren Experimental Flowfield Results

Figure 15 shows composite images of the flow patterns emanating
from the flowpath surface of the HXFE/VFS during the three distinct
stages in the scramjet test. For all runs, the shock structure upstream
of the cowl leading edge was quite stable and included the bow
shock, weak waves from the boundary-layer trips, and additional
compression emanating at each of the two forebody ramps. These
shocks are part of the overall compression process required to obtain
the desired pressure levels entering the combustor. A strong shock
off the cowl leading edge is seen above the engine (as seen in Fig. 15)
in the cowl-closed configuration, and there is indication of signifi-
cant shear flows and a separation zone that occupies the first third
of the aftbody behind the cowl trailing edge. When the cowl door
is opened, the shock generated off the cowl leading edge changes,
and the shear layer downstream of the cowl trailing edge is seen by
the alignment of the cooling water jets (dark region) above the aft-
body surface. During fueled operation, the plume caused by the
increased engine pressure levels due to combustion has shifted
the shear layer farther away from the aftbody surface. Waves seen
downstream of the cowl trailing edge result from the internal nozzle
geometry.

SiO, Deposits and Oil-Flow Results

Figure 16 shows the lateral extent of the plume expansion on the
aftbody, evidenced in the deposition of silicon dioxide (SiO,, a white
particulate and byproduct of the reaction of the silane/hydrogen ig-
nitor gas combustion process). The plume is seen to extend laterally
outward beyond the cusp line that defines the aftbody nozzle surface.
Vortical flow exists with a separation/reattachment region shown, as
evidenced by the lack of SiO, just outside, and nearly parallel to,
the cusp lines.

Aftbody oil-flow patterns (Fig. 17) also indicate the symmetric na-
ture of the powered exhaust flow. The flow is symmetrically aligned
relative to the vehicle centerline, and lateral expansion is visible as
the plume expands into the aftbody nozzle (including just down-
stream of the cowl trailing edge). In addition, no SiO, deposits were

Cowl trailing edge . Separation
P “%~~ line
¥ Cusp line

Fig. 16 SiO, deposits on VFS aftbody following a fueled run;
My =6.92,g =1000 psf, and o =2 deg.

Cowl
trailing
edge

Fig. 17 VES aftbody oil-flow patterns following a fueled run; M« =
6.92, g =1000 psf, and o =2 deg.

observed on the wing-stub surfaces, and there were no discernible
differences in the wing-stub, oil-flow patterns for unpowered and
powered runs. This finding is important because it indicates that
proper wing placement was verified in that the exhaust plume, fuel-
ing levels, and other engine operability factors did not significantly
affect control surface effectiveness, thus, validating the aeropropul-
sive database, which assumed no power-on effects on the control
surfaces.
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Fig. 18 Aftbody pressure coefficient increase due to cowl opening; M« =6.92,g. =1000 psf, o =2 deg.
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Fig. 19 Aftbody pressure coefficient increase due to fueling; M« =6.92, g =1000 psf, and o =2 deg.

Aftbody Pressure Distributions

The effects of cowl opening and fueling are observed in the aft-
body pressure distributions (Figs. 18 and 19). Pressure-difference
contours (in coefficient form) were created from the discrete surface-
pressure data (identified by the small circles in Figs. 18 and 19)
such that the difference in the pressure is calculated in the following
manner:

AC‘p,cowl = (Cp,cowl-open - Cp,cowl-closed) (1)

AC‘p,fuel = (Cp,¢>0 - Cp,d):()) (2)

Figure 18 presents AC, w data for two different runs, both at the
nominal flight Mach number, AOA, and dynamic pressure. The dif-
ference is that Fig. 18ais at 8 =0 deg and Fig. 18b is at 8 =3 deg.
For reference, the cowl trailing edge is located at the left middle
of each contour, and the wing stubs and ventral fins are shown for
clarity. When the cowl opens, the aftbody pressures react to the pro-
cessing of the flow through the engine in a very symmetric sense for
B =0 deg, but very asymmetrically for 8 =3 deg, albeit at about
the same pressure level. The shock and expansion waves emanat-
ing from the cowl sidewall leading edges are still evident in the
aftbody flowfield. The slight increase in windward chine pressures
near the ventral fin is also observed. When the engine is operat-
ing at the flight-designed hydrogen fuel level, AC, s contours
(Fig. 19) indicate that the external nozzle flowfield is very similar
for both sideslip angles, and the slight increase in chine pressures
near the ventral fins indicates that measurable lateral expansion is
occurring under both powered conditions. Furthermore, differences

in the pressures on the chines upstream of the cowl-trailing-edge
station is still evident for the 8 =3 deg run.

Summary

This paper presents a description of, and supporting data on, the
significance of the HXFE/VES tests performed in the 8-ft HTT in
support of risk reduction for the Mach 7 flights of the X-43. Fol-
lowing a brief description of the facility, model, and test summary,
the engine and flowpath subsystems that were verified and vali-
dated for flight were documented. These include the use of forebody
boundary-layer trips, cowl actuation, water cooling of engine lead-
ing edges, engine structural integrity, wing gap heating, and propul-
sion subsystem control hardware and software. Following this, sup-
porting data were presented, which included vehicle performance
and PAL

This test was unique in that it addressed many issues for the first
time: 1) Full airframe-integrated, scramjet-powered model test in a
wind tunnel at flight conditions, 2) dual-mode scramjet flight control
testing for an airframe-integrated scramjet-powered vehicle, 3) yaw-
effect testing of a scramjet, 4) engine data to validate conventional
scramjet module test techniques, 5) scramjet testing using ablative
TPS tiles on the forebody and external nozzle, and 6) demonstration
of the ability to restart the inlet and reignite the engine following
a planned engine unstart. In addition, this test program 1) provided
propulsion performance and operability over a range of dynamic
pressures and angles of attack, 2) validated the scramjet test arti-
cle structure and functionality, 3) verified the powered aerodynamic
database originally developed using aerodynamic models, compu-
tational fluid dynamics, and other analytical methods, and 4) was
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useful in quantifying the performance impact of partial-width vs
full-scale testing.

This test demonstrated the outstanding capabilities of the 8-ft
HTT to support large-scale testing of hypersonic airbreathing
propulsion systems. Facility operations were executed well, a thor-
ough characterization of the tunnel test section flowfield exists, and
there was active participation by the staff to incorporate complex
engine support hardware and software, acquire a significant quan-
tity of high-quality model data, and handle real-time changes in test
plans.
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